ABSTRACT Rearing broilers on flat or sloping wire flooring is an effective method for consistently triggering lameness attributable to bacterial chondronecrosis with osteomyelitis (BCO). Portable obstacles known as speed bumps (SB) also consistently trigger modest incidences of BCO when they are installed between feed and water lines in litter flooring facilities. Two experiments were conducted to determine the most effective broiler age for introducing the SB into litter flooring pens, and to evaluate alternative configurations of the traditional SB with the expectation that amplified mechanical challenges to the legs of broilers should increase the incidence of BCO. Broiler chicks obtained from commercial hatcheries (lines B and D in experiment 1, lines A and B in experiment 2) were reared in floor pens with ad libitum feed and water and a 23L:1D photoperiod. In experiment 1, the 5 floor treatments included wood shavings litter only (L), flat wire only (W), or litter plus SB installed at 14, 28, or 42 d of age.
INTRODUCTION
Bacterial chondronecrosis with osteomyelitis (BCO) is a prevalent cause of lameness in today's broilers (Bradshaw et al., 2002) . McNamee et al. (1998) sampled commercial broiler flocks and indicated that 0.52% of all males and 0.38% of all females were culled for leg problems. In that study, BCO accounted for the highest percentage (17.3%) of mortality related to lameness, not including birds culled for other reasons and subsequently found to have BCO (McNamee et al., 1999) . Lameness attributable to BCO has a rapid onset, and death typically results 2 to 5 d after the appearance of the earliest clinical symptoms. Affected birds initially develop a noticeable limp and use their wing tips for support. In advanced stages, birds are fully immobilized, resulting in their inability to reach feed or water. Most cases of BCO develop after 35 d of age (Nairn and Watson, 1972; McNamee et al., 1999; McNamee and Smyth, 2000; .
Lesions associated with BCO can occur in all bones but are most commonly found in regions of the leg bones that have the widest growth plates and are subjected to torque and stress, such as the proximal tibiotarsus (tibia) and proximal head of the femur (Nairn, 1973; Wideman and Prisby, 2013) . The pathogenesis of BCO is thought to be initiated by mechanical damage (e.g., osteochondrosis) to poorly mineralized columns of chondrocytes (cartilage cells) in the epiphyseal and physeal growth plates, followed by colonization of osteochondrotic clefts by hematogenously distributed opportunistic bacteria (Wise, 1971; Nairn, 1973; Howlett, 1980; Mutalib et al., 1983a; Thorp and Duff, 1988; Wideman and Prisby, 2013) . Numerous bacterial species, including Staphylococcus spp., Escherichia coli, Mycobacterium avium, Salmonella spp., and Enterococcus spp., have been isolated from BCO lesions, with Staphylococcus aureus being routinely isolated over the course of several decades and across broad geographic distributions (Bradshaw et al., 2002) . The prevalence of Staphylococcus spp. in BCO lesions appears to be related to intrinsic characteristics that allow this organism to opportunistically infect wound and trauma sites (Lee, 1996; Smeltzer and Gillaspy, 2000) .
Due to the variable incidences of BCO that occur sporadically in research flocks, experimental models capable of triggering significant levels of BCO are needed to understand its etiology, determine proper methods for reducing its pathogenesis, and reduce the susceptibility of broilers through genetic breeding programs. Several models have been developed for inducing BCO, and most of these models involve exposing birds to Staph. aureus through intravenous injection, tracheal inoculation, or aerosol inhalation (Nairn, 1973; Mutalib et al., 1983b; McNamee et al., 1999) . Whereas these models do consistently induce significant incidences of BCO, they also require broilers to be intentionally exposed to pathogenic bacteria species, which is incompatible with the biosecurity constraints for most research facilities and commercial genetic selection programs.
Wire flooring models developed at the University of Arkansas have consistently proven effective for triggering BCO without purposefully exposing birds to known pathogens (Wideman et al., 2010 . The BCO induced by wire flooring appears to be triggered primarily by footing instability, which imposes additional torque and shear stress on susceptible proximal leg joints. The resulting microtrauma, osteochondrosis, and vascular transection within the epiphyseal-physeal cartilage facilitate bacterial colonization and necrosis within the proximal femora and tibiae (Wideman and Prisby, 2013) . Broilers raised on wire flooring also experience physiological stress leading to increased serum levels of corticosterone and elevated heterophil-to-lymphocyte ratios that are associated with lack of access to floor litter (El-Lethey et al., 2003; Wideman and Prisby, 2013) . Stress-induced immunosuppression and bacterial translocation contribute to the focal bacterial proliferation associated with spontaneous BCO outbreaks in commercial broiler flocks (Mutalib et al., 1983a; Butterworth, 1999; McNamee and Smyth, 2000; Wideman and Prisby, 2013) .
In a pilot study, portable obstacles known as speed bumps (SB) were used to consistently trigger moderate incidences of BCO in broilers (R. F. Wideman Jr., unpublished data). The SB were constructed in the shape of an isosceles triangular prism with the sides having slopes ranging from 33 to 66% on both sides of the apex (slope = apex height/half the base width; Figure  1 ). The SB were designed to be portable so they could be easily installed between feeders and waterers in litter flooring facilities, thereby forcing the birds to climb up and then down the slopes as they move to eat and drink. In the pilot study, SB having 50 and 66% slopes were installed when the broilers reached 14 d of age and triggered 3-fold higher incidences of BCO when compared with broilers reared on litter alone (R. F. Wideman Jr., unpublished data). In the present study, 2 experiments (E1, E2) were conducted to determine the effect of introducing SB into litter flooring pens at different broiler ages and to evaluate alternative configurations of the original SB with the expectation that additional mechanical stress applied to the broilers' legs might increase the incidence of BCO. The responses of males and females from 3 different broiler lines also were evaluated.
MATERIALS AND METHODS
Animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee (Protocols #08036 and #11002). Experiments 1 and 2 were conducted using 22 pens in building A364 East at the University of Arkansas Poultry Research Farm. Pens were 3.05 × 3.05 m with flooring consisting of clean wood shavings litter (n = 16 in E1, n = 18 in E2) or flat wire panels (n = 6 in E1, n = 4 in E2). The wire flooring panels were constructed from 5 × 5 cm of lumber and were 3 m long and 1.5 m wide, with 5-× 5-cm cross members added for support. Hardware cloth (1.3 × 2.54 cm of mesh = 0.5 × 1 in, 0.063 gauge, galvanized welded wire cloth; Direct Metals, Kennesaw, GA) was fastened to the top of the frame and cross members. Two panels per pen were elevated on 30-cm high masonry blocks to permit manure to pass through and accumulate underneath the wire surface. Tube feeders were positioned at the front and nipple waterers were positioned at the rear of each pen, thereby forcing the chicks to traverse the length of the floor to eat and then drink . Between experiments, the pens were disassembled, the manure was removed, and the floor panels were cleaned using a pressure washer and detergent.
Chicks from commercial lines were obtained from commercial hatcheries on August 18, 2011, for E1 (lines B and D) and on February 1, 2012, for E2 (lines A and B). Chicks were placed straight run and unvaccinated, with 85 chicks per pen at an initial stocking density of 0.36 m 2 per bird. On d 14, the bird density was culled to 65 of the largest, clinically healthy chicks per pen, yielding a final stocking density of 0.47 m 2 per bird. The early culling protocol was instituted because a previous study revealed macroscopic evidence of systemic bacterial infection, including osteomyelitis, in necropsies of runts and culls during the first 2 wk . The photoperiod was set for 23 h of light per day. Thermoneutral temperatures were maintained throughout with target temperatures set at 32°C for d 1 to 3, 30°C for d 4 to 6, 28°C for d 7 to 10, 26°C for d 11 to 14, and 24°C thereafter. A heat lamp was positioned in 1 corner of each pen to provide a source of supplemental heat through d 28. Feed and water were provided ad libitum. The starter diet was a commercial Figure 1 . Speed bumps (SB) are constructed in the shape of an isosceles triangular prism, using 5 × 5 × 152.4 cm of lumber or aluminum tubing covered with 1.3 × 2.54 cm of mesh hardware cloth. The SB have a length of 152.4 cm, a base of 91.4 cm, and the slope on either side of the apex is determined by the apex height (slope = apex height/half the base width). The SB with a 50% slope (SB50%) were 22.9 cm at the apex, and SB with a 66% slope were 30.5 cm at the apex. In experiment 2, the SB were modified in an attempt to impose additional mechanical stress on the broilers' legs. As shown diagrammatically (upper panel) and photographically (lower panel), limbo bar SB had a 4-cm-diameter wooden dowel suspended over the length of the apex and slopes of 50 or 66% (SBL50%; SBL66%). The height of the limbo bar was adjusted as needed to force the birds to crouch underneath the bar while walking across the apex of the SB, and to prevent the birds from jumping from the apex. corn and soybean meal-based chick starter (crumbles), and after d 35 all birds were switched to a pelleted commercial corn and soybean meal-based finisher diet. Feed was formulated without meat or animal by-products to meet or exceed minimum NRC (1994) standards for all ingredients.
Five floor treatments and 2 lines were evaluated in E1, including clean wood shavings litter (L; 2 pens/ line), flat wire panels (W; 3 pens per line), or clean litter plus SB with a 50% slope installed midway between the feeders and water line at 14, 28, or 42 d of age (2 pens per treatment and line). The SB were constructed in the shape of an isosceles triangular prism, with a length of 152.4 cm, a base of 91.4 cm, and an apex height of 22.9 cm, thereby creating 50% slopes on each side of the apex (Figure 1 ). The triangular prisms were framed up with 5 × 5 cm of lumber or aluminum tubing and covered with hardware cloth (1.3 × 2.54 cm of mesh of galvanized welded wire cloth). Two SB were placed end-to-end to cover the full width of a pen, and they remained in the pen through the end of the experiment.
In E2, broilers from 2 lines were evaluated using 7 floor treatments, including L (2 pens/line), W (3 pens/line), SB with a 50% slope (SB50%; 2 pens/line), SB50% with a limbo bar installed over the apex (SBL50%; 1 pen/line), SB with a 66% slope (30.5 cm apex height) and a limbo bar (SBL66%; 1 pen/line), SB50% with a nipple water line suspended over the apex (SBW50%; 2 pens/line), and a pagoda-top SB (PT; 1 pen/line). All SB were inserted on d 28 and remained in place through d 56. The additional SB models incorporated modifications that were intended to impose additional mechanical stress on the broilers' legs. The SBL50% and SBL66% had a 4-cm diameter wooden dowel suspended over the length of the apex, as shown in Figure  1 . The height of the limbo bar was adjustable as needed to force the birds to crouch underneath the bar while walking across the apex of the SB and to prevent the birds from jumping from the apex. For the SBW50% treatment, an SB50% was positioned directly under the raised nipple water lines, thereby forcing birds to balance on or straddle the apex of the SB while drinking (not shown). The PT consisted of a SB50% with a roof elevated above the apex and sloping downward parallel to the SB sides. The height of the PT roof was adjustable as needed to force the birds to traverse the SB in a crouched position (Figure 2 ).
Beginning on d 15, all birds were observed daily to detect the onset of lameness. Affected broilers had difficulty standing, exhibited an obvious limping gait while dipping one or both wing tips, and, if not removed, became completely immobilized within 3 d. Birds were removed as soon as the onset of lameness was noticed, and were euthanized via CO 2 gas inhalation. Euthanized birds were necropsied within 20 min postmortem. Lame birds with BCO can die quickly because they have difficulty accessing food and water, and they can be trampled by their flock mates. Therefore, birds found dead were also necropsied to ascertain the cause of death and assess leg lesions. Each bird's sex was confirmed by necropsy. Broilers that died spontaneously or that developed lameness were assigned to 1 of the following diagnostic categories: cull (runts and moribund individuals that failed to thrive); unknown (unknown cause of death); sudden death syndrome (flip-over, heart attacks); pulmonary hypertension syndrome (PHS; ascites); kinky back or spondylolisthesis (KB; diagnosed based on the characteristic posterior paraparesis and hock-resting posture, and the absence of macroscopic BCO lesions); twisted leg or slipped tendon (TW; perosis, chondrodystrophy); normal femur (no macroscopic abnormalities of the proximal femur); proximal femoral head separation or epiphyseolysis (FHS); proximal femoral head transitional degeneration (FHT); proximal femoral head necrosis (FHN); normal tibia (no macroscopic abnormalities of the proximal tibia); mild proximal tibial head necrosis (THN; a subcategory of BCO in the tibiotarsus); severe THN (THNs; in which the growth plate was imminently threatened or damaged); caseous THN (THNc), in which caseous exudates or bacterial sequestrae were macroscopically evident; tibial dyschondroplasia (TD); and lame unknown (lameness for unknown or undetermined reasons). Previously published photographs illustrate typical BCO lesions of the proximal femora and tibiae Wideman and Prisby, 2013) . Proximal femoral head lesions (FHS, FHT, FHN) and tibial head lesions (THN, THNs, THNc) were categorized separately to emphasize the progressive development of BCO in the proximal ends of both long bones of the legs (Mutalib et al., 1983a; Thorp and Waddington, 1997; McNamee et al., 1998 McNamee et al., , 1999 Butterworth, 1999; McNamee and Smyth, 2000; Dinev, 2009; Durairaj et al., 2009; . Proximal femora and tibiae that appeared to be normal macroscopically were not routinely evaluated microscopically. On d 56 and 57 in E1, all surviving clinically healthy birds were euthanized and BW, sex, treatment, and proximal femoral and tibial necropsy categories were recorded. Clinically healthy survivors were not weighed or necropsied at the end of E2.
For the statistical analyses, total incidence of femoral BCO lesions was calculated as all femur = FHS + FHT + FHN. The total incidence of tibial BCO lesions was calculated as all tibia = THN + THNs + THNc. The total incidence of lameness was calculated as total lame = KB + TW + TD + lame unknown + all femur + all tibia. For comparisons of lesion and lameness incidences, the individual bird was used as the experimental unit and the SigmaStat Z-test procedure was used to compare proportions (Jandel Scientific, Linslade, UK). The number of legs evaluated was used as the sample size, and the percentage of affected legs was used as the proportion for all Z-tests. In E1, the SigmaStat ANOVA package was used to compare BW among sexes and lines.
RESULTS

E1
Necropsy results for birds that died or became clinically lame during the course of the experiment are shown in Table 1 . These data were pooled by sex or by line (independent of floor treatment), and the incidences were calculated as percentages of all birds within a sex or line on d 14 (n = 740 per line). Sudden death syndrome was the major cause of nonlame mortality, followed by PHS. Unknown causes of mortality were minimal (not shown; 0.4% in line B, 0.1% in Figure 2 . A pagoda-top speed bump (PT) with a 50% slope is shown diagrammatically (upper panel) and photographically (lower panel). The PT consisted of a speed bump with a 50% slope and a roof elevated above the apex and sloping downward parallel to the speed bump sides. The height of the PT roof was adjusted as needed to force the birds to traverse the speed bump in a crouched position. line D). Lameness due to KB, TW, TD, and unknown lameness were minimal, and these non-BCO causes of lameness did not differ between sexes or lines. Lameness overwhelmingly was attributable to BCO lesions of the proximal femora and tibiae. More lameness was attributed to BCO lesions of the femur in females than in males, but the incidence of total lameness did not differ between sexes. Line B had higher incidences of proximal tibial BCO lesions and total lameness than line D (Table 1 ). The time course for cumulative lameness is shown in Figure 3 . When compared with the incidence of lameness in pens with floor litter, it was not until after d 42 for line B and d 48 for line D that the W and SB floor treatments triggered higher (numerical) cumulative lameness. As shown in Table 2 , within each line broilers developed the lowest incidence of lameness on L, intermediate incidences on SB, and the highest incidences of lameness on W. Comparisons between lines indicated the incidence of lameness on L did not differ between the lines, and the incidence of lameness on W was higher in line B than in line D. Total lameness did not differ regardless of whether SB were placed in the pens on d 14, 28, or 42. The SB triggered more lameness in line B than in line D (23 vs. 14% for all SB pens combined; Table 2 ). With regard to specific BCO lesion incidences, only minor differences were detected when the lesion distributions for lame birds were grouped by sex or left versus right leg (not shown). Lesion incidence distributions for lame birds are shown by line in Table 3 . Lame birds from line B had higher normal femur incidences, lower proximal femoral lesion incidences (FHS, FHT, and all femur), lower normal tibia incidences, and higher THNs and total tibia incidences when compared with lame birds from line D (Table 3) . Grouping the same data by floor treatment did not reveal consistent differences in the patterns of proximal femoral or tibial lesions, with the exceptions that lame birds were more likely to develop FHN in W pens than in L or SB pens, and the total THN and THNs incidences were higher for SB than for L (Table 4) . Body weights for clinically healthy survivors on d 56 to 57 are shown by sex, line, and floor treatment in Figure 4 . For both lines, the lowest BW within a sex tended to occur on W. The highest BW for females and males from line B were obtained on L, and numerically (males) or significantly (females) lower BW were obtained when SB were placed in the pens at wk 4 (SB28). In contrast, the highest BW for females and males from line D occurred in the SB28 pens. The major diagnostic categories for proximal femora and tibiae from clinically healthy survivors are grouped by sex and line in Table 5 . Female survivors had modestly lower incidences of femoral BCO lesions and higher incidences of tibial BCO lesions when compared with males. Survivors from line B had substantially lower incidences of femoral BCO lesions and dramatically higher incidences of tibial BCO lesions when compared with survivors from line D (Table 5) . 1 PHS = pulmonary hypertension syndrome (ascites); SDS = sudden death syndrome; KB = kinky back or spondylolisthesis; TW = twisted leg, perosis; TD = tibial dyschondroplasia; lame unknown = cause of lameness could not be determined; all BCO femur = lameness was attributed to proximal femoral heads with bacterial chondronecrosis with osteomyelitis (BCO) lesions; all BCO tibia = lameness was attributed to proximal tibial heads with BCO lesions; total lame = all causes of lameness combined.
2 Data are grouped by sex, independent of line and floor treatment, or by line independent of sex and floor treatment. 
E2
Necropsy results for birds that died or became clinically lame are shown in Table 6 . These data were pooled by sex or by line (independent of floor treatment), and the incidences were calculated as percentages of all birds within a sex or line on d 14 (n = 715 per line). The major causes of nonlame mortal- ity were sudden death syndrome and PHS. Unknown causes of mortality were minimal (not shown; 0.4% in Line B, 0.7% in Line A). Lameness due to KB, TW, TD, and lame unknown were minimal, and these non-BCO causes of lameness did not differ between sexes or lines. Lameness overwhelmingly was attributable to BCO lesions of the proximal femora and tibiae. Males had higher incidences of tibial BCO lesions and total lameness than females. Line B had a higher incidence of proximal tibial BCO lesions and a marginally higher (P = 0.052) incidence of total lameness when compared with line A (Table 6 ). As shown in Figure 5 , broilers in both lines developed the lowest incidences of lameness on L and intermediate incidences on SB. Lameness incidences on W were higher than for SB for broilers from line A, whereas the lameness incidence on W and SB did not differ in E2 for broilers from line B. Comparisons between lines indicated the incidence of lameness on W was higher in line A than in line B, and SBW50% triggered more lameness in line B than in line A. Otherwise the incidences of lameness on L and the remaining SB treatments did not differ between the lines ( Figure  5 ). Pooling the same data by floor treatment regardless of line indicated that overall lameness incidences were lowest for the L and PT treatments, highest for W, and intermediate for the SB50%, SBL50%, SBL66%, and SBW50% treatments (Figure 6 ). Total lameness did not differ regardless of whether the SB were supplemented with limbo bars or had nipple waterers suspended over the apex; however, the PT arrangement tended to reduce the incidence of lameness (Figures 5  and 6 ). With regard to specific BCO lesion incidences, only minor differences were detected when the lesion distributions for lame birds were grouped by left versus right leg (not shown), by sex, or by line (Table 7) . Lame birds from line B had higher incidences of normal femora and lower incidences of femoral BCO lesions when compared with lame birds from line A (Table  7) . Grouping these lesion incidence data by floor treatment (all SB types pooled) did not reveal consistent differences in the patterns of proximal femoral or tibial lesions (Table 8) .
DISCUSSION
Previous studies demonstrated that broilers reared on sloping or flat wire flooring panels develop significant levels of lameness attributable overwhelmingly to BCO of the proximal femora and tibiae. The BCO induced by wire flooring appears to be initiated primarily by unstable footing that imposes excessive mechanical stress on susceptible leg joints. Sites of injury to the epiphyseal-physeal cartilage (osteochondrotic clefts and voids) are susceptible to colonization by hematogenously distributed opportunistic bacteria in broilers, as has been described for acute hematogenous osteomy- 1 Proximal femoral heads of both legs were evaluated and were diagnosed as being macroscopically normal (normal femora; no apparent abnormalities) or they exhibited femoral head separation (FHS), femoral head transitional degeneration (FHT), or femoral head necrosis (FHN). Total femoral head bacterial chondronecrosis with osteomyelitis (BCO) lesions = FHS + FHT + FHN. Proximal tibial heads were diagnosed as being macroscopically normal (normal tibiae; no apparent abnormalities) or they exhibited mild proximal tibial head necrosis (THN; a subcategory of BCO in the tibiotarsus), THNs (severe THN in which the growth plate was imminently threatened or damaged), or THNc (caseous THN in which caseous exudates or bacterial sequestrae were macroscopically evident). Total tibial head BCO lesions = THN + THNs + THNc. 1 Proximal femoral heads of both legs were evaluated and were diagnosed as being macroscopically normal (normal femora; no apparent abnormalities) or they exhibited femoral head separation (FHS), femoral head transitional degeneration (FHT), or femoral head necrosis (FHN). Total femoral head bacterial chondronecrosis with osteomyelitis (BCO) lesions = FHS + FHT + FHN. Proximal tibial heads were diagnosed as being macroscopically normal (normal tibiae; no apparent abnormalities) or they exhibited mild proximal tibial head necrosis (THN; a subcategory of BCO in the tibiotarsus), severe THN (THNs; in which the growth plate was imminently threatened or damaged), or caseous THN (THNc; in which caseous exudates or bacterial sequestrae were macroscopically evident). Total tibial head BCO lesions = THN + THNs + THNc. elitis in humans (Smeltzer and Gillaspy, 2000; Shetty and Kumar, 2007; Wideman and Prisby, 2013) . Sloping and flat wire flooring panels have repeatedly proven to be highly effective, but these panels are heavy and cumbersome to install. Accordingly, pilot studies were conducted to evaluate easily portable SB sections. The SB with a 33% slope tended to fill up with litter and elicited only minimal incidences of BCO, whereas SB with 50 and 66% slopes tripled the incidence of BCO when compared with floor litter alone (R. F. Wideman Jr., unpublished data). The present experiments were conducted to determine if the age at which SB50% are placed in the pens can influence the final incidence of BCO (E1), and to evaluate supplemental SB configurations that were intended to impose supplemental mechanical stress on the broilers' legs (E2). Inserting SB50% into the pens on d 14, 28, and 42 generated similar time courses and cumulative incidences of lameness in E1 (Table 2, Figure 3 ). Younger birds appeared to easily and frequently traverse the SB50% until they reached 30 to 35 d of age, after which the SB appeared to present a more imposing challenge. In the present and previous studies, most of the lameness triggered by W or SB developed between 6 and 8 wk of age, as has been reported for field outbreaks of BCO (McNamee et al., 1998; Dinev, 2009; . For example, neither the W nor the SB floor treatments triggered increased lameness until after d 42 for Line B or after d 48 for Line D, when compared with the patterns of cumulative lameness in the L pens (Figure 3 ). These observations suggest that BCO lesions accumulate very rapidly when the legs of older (heavier) birds are mechanically stressed by unstable footing.
In both experiments, the lameness triggered by SB and W floor treatments was attributable overwhelmingly to BCO, and the BCO lesion incidences did not differ markedly among the broilers that developed lameness on W and SB (Tables 4 and 8 ). Therefore the SB are suitable for triggering BCO in susceptible broilers, with the caveats that W may impose a more rigorous and unrelenting mechanical challenge leading to higher incidences of BCO than SB, whereas SB clearly are more portable and can be readily accommodated in floor pens. Pens with SB allow broilers to remain in contact with litter, thereby imposing less physiological stress when compared with pens in which the floor is fully covered by slats or wire panels (El-Lethey et al., 2003; . Physiological stress apparently contributes to the pathogenesis of BCO by elevating serum corticosterone levels, suppressing the Values with different superscripts within a sex or line differed significantly at P ≤ 0.05; z-tests were used to compare proportions for no. observed/ no. legs evaluated.
1 Normal femur = percentage of all proximal femur heads that appeared macroscopically normal; all BCO femur = percentage of all proximal femoral heads with bacterial chondronecrosis with osteomyelitis lesions; normal tibia = percentage of all proximal tibial heads that appeared macroscopically normal; all BCO tibia = percentage of all proximal tibial heads with bacterial chondronecrosis with osteomyelitis lesions.
2 Data are grouped by sex independent of line and floor treatment, or by line independent of sex and floor treatment. 1 PHS = pulmonary hypertension syndrome (ascites); SDS = sudden death syndrome; KB = kinky back or spondylolisthesis; TW = twisted leg, perosis; TD = tibial dyschondroplasia; lame unknown = cause of lameness could not be determined; all BCO femur = lameness was attributed to proximal femoral heads with bacterial chondronecrosis with osteomyelitis (BCO) lesions; all BCO tibia = lameness was attributed to proximal tibial heads with BCO lesions; total lame = all causes of lameness combined.
2 Data are grouped by sex independent of line and floor treatment, or by line independent of sex and floor treatment.
immune system, and enhancing bacterial translocation across the gastrointestinal epithelium (Quinteiro-Filho et al., 2012a,b; Wideman and Prisby, 2013) . Differential levels of physiological stress may have contributed to the tendency for broilers in pens with SB to develop lower incidences of BCO when compared with broilers on W. For example, the cumulative lameness incidences were lowest for L, intermediate for SB50%, and highest for W in lines B and D in E1, as well as for line A in E2 (Table 2, Figure 5 ). Differences between lines often were more pronounced than differences between the sexes. Lines A and B grow rapidly at early ages, whereas line D initially grows more slowly. In E1, broilers from line B developed significantly more lameness than broilers from line D, both on W as well as for all SB treatments combined (Tables 1 and 2 ). Tibial BCO lesions were more prevalent in broilers from line B than from line D, whereas femoral BCO lesions were more prevalent in broilers from line D (Tables 3 and 5 ). In E2, broilers from line B were marginally more susceptible to lameness when compared with broilers from line A (Table  6 ), but line A appeared to be more responsive to W and less responsive to SB than line B in this experiment ( Figure 6 ). The total tibial BCO lesion incidences did not differ between the lines in E2, whereas femoral BCO lesions were more prevalent in lame broilers from line A than from line B (Table 7) . Accordingly, lesion 1 Normal femur = percentage of all proximal femur heads that appeared macroscopically normal; all BCO femur = percentage of all proximal femoral heads with bacterial chondronecrosis with osteomyelitis (BCO) lesions; normal tibia = percentage of all proximal tibial heads that appeared macroscopically normal; all BCO tibia = percentage of all proximal tibial heads with BCO lesions.
2 Data are grouped by sex independent of line and floor treatment, or by line independent of sex and floor treatment. incidence distributions per se are not necessarily indicative of a line's susceptibility to BCO when challenged by the W or SB models. Nor is the final BW necessarily predictive of overall susceptibility, as shown in the present and previous studies (Figure 4 ; . Instead, the available evidence suggests rapid early growth may be linked to a predisposition for broilers to develop higher incidences of BCO when compared with lines or crosses that initially tended to grow more slowly .
Experiment 2 was conducted to assess modifications that were intended to enhance the stress imposed by traditional SB on broilers' legs. The SBW50% subjected the broilers' legs to asymmetric footing instability as the birds extended their neck to drink while straddling the apex of the SB. The limbo bars for the SBL50% and SBL66% treatments were positioned low enough to force the birds to squat underneath as they crossed the apex of the SB. The low roof of the PT modification forced the birds to duck-walk up and down the SB slopes. Although these modifications appeared to enhance the cumulative strain imposed on the broilers' legs, these treatments clearly did not productively increase the incidence of BCO. Accordingly, we can sur- 1 Proximal femoral heads of both legs were evaluated and were diagnosed as being macroscopically normal (normal femora; no apparent abnormalities) or they exhibited femoral head separation (FHS), femoral head transitional degeneration (FHT), or femoral head necrosis (FHN). Total femoral head bacterial chondronecrosis with osteomyelitis (BCO) lesions = FHS + FHT + FHN. Proximal tibial heads were diagnosed as being macroscopically normal (normal tibiae; no apparent abnormalities) or they exhibited mild proximal tibial head necrosis (THN; a subcategory of BCO in the tibiotarsus), severe THN (THNs; in which the growth plate was imminently threatened or damaged), or caseous THN (THNc; in which caseous exudates or bacterial sequestrae were macroscopically evident). Total tibial head BCO lesions = THN + THNs + THNc.
mise that neither symmetrical front-to-back strain on the legs while a broiler is walking in a squatting posture nor forcing broilers to proceed cautiously and slowly over the apex of a SB will trigger higher incidences of BCO than the torque (twisting) and shear (lateral or side-to-side) forces imposed when broilers ascend and descend an unmodified SB. Despite acknowledging the limited replication of floor treatments within each line for E2, the results failed to demonstrate differences worth pursuing in the incidences of lameness between the unmodified and modified SB treatments.
In summary, when compared with the flat wire flooring model, SB are easily portable and can be readily accommodated in floor pens. The W and the SB experimental challenges both triggered lameness that overwhelmingly was attributable to typical BCO lesions of the proximal femora and tibiae in broilers of both sexes from 3 lines. The broiler lines differed in their lesion distributions (e.g., proximal tibial vs. proximal femoral BCO lesions) for reasons that remain to be determined; nevertheless, the relative prevalence for tibial versus femoral lesions did not appear to differentially influence a line's susceptibility to BCO when challenged by the W and SB models. The available evidence suggests broilers tend to develop higher incidences of BCO when they grow more rapidly at an early age, regardless of their final BW. The time course of lameness triggered by the W and SB challenges mimicked the time course that frequently is observed in commercial flocks, with significant incidences of BCO typically appearing in heavy broilers beginning at approximately 6 wk of age. In that regard, it is worthwhile noting that if chick quality is poor, then osteomyelitis and typical BCO lesions can occur during the first few days posthatch. Our standard protocol incorporates heavy culling on d 14, which consistently minimizes the appearance of clinical BCO before d 40. None of our SB modifications increased the overall incidence of BCO when compared with the standard SB, apparently because the modifications forced the broilers to cross the SB more cautiously and deliberately and prevented them from jumping from the SB apex. Indeed, the very cautious and deliberate walking posture imposed by the PT modification significantly diminished the efficacy of the SB50% for inducing BCO. Our observations suggest that footing instability designed to cause asymmetric torque and shear forces on the legs of heavy broilers provides the key to triggering BCO using the W or SB challenges. Regardless of line or sex, the W challenge tended to elicit higher incidences of BCO than the SB challenge, likely because broilers remain in contact with litter when SB are used. Access to litter may partially alleviate both mechanical and physiological stress, and may prove advantageous in assessing potential treatments for BCO (e.g., prebiotics and probiotics) in which ongoing contact with the litter more closely mimics commercial grow-out conditions.
